INTRODUCTION
Vascularization of the mammalian brain and spinal cord begins with the development of a perineural vascular plexus and the migration of endothelial cells from the plexus into the midgestation neural tube. An analogous process occurs during retinal development, with blood vessels first growing along the vitreal face of the retina to form the superficial plexus and then invading the retina to form the deep and intermediate capillary plexuses. A unifying feature of angiogenesis throughout the central nervous system (CNS) is its dependence on canonical Wnt signaling, with Wnt7a and Wnt7b serving as the dominant ligands in the brain and spinal cord and Norrin serving as the dominant ligand in the retina (Xu et al., 2004; Liebner et al., 2008; Daneman et al., 2009; Stenman et al., 2008; Ye et al., 2009) . These ligands are produced by neuroepithelial cells and their derivatives, and they act on Frizzled receptors and Lrp5/6 co-receptors on vascular endothelial cells (ECs). In humans, mutations in the genes coding for Norrin, Frizzled4 (Fz4), Lrp5, or Tspan12 (an integral membrane protein that enhances canonical Wnt signaling by the other three components) cause retinal hypovascularization (Junge et al., 2009; Nikopoulos et al., 2010; Ye et al., 2010) . In zebrafish, it has been shown that tip cells are the predominant receivers and integrators of the Wnt signal for vascular sprouting and invasion (Vanhollebeke et al., 2015) . In contrast to CNS angiogenesis, development of the peripheral vasculature is largely independent of canonical Wnt signaling. The CNS vasculature is distinguished from the peripheral vasculature by a diffusion barrier between blood and tissuethe blood-brain barrier (BBB) and its retinal analog, the bloodretina barrier (BRB)-that arise from molecular and cellular specializations in capillary ECs, including acquisition of tight junctions, suppression of transcytosis, absence of fenestrations, and expression of multiple extrusion pumps and small molecule transporters (Daneman and Prat, 2015) . Barrier integrity requires interactions between ECs and pericytes in close association with astrocyte endfeet, which together are referred to as the neurovascular unit. In addition to its role in CNS angiogenesis, canonical Wnt signaling in ECs plays a central role in the development and maintenance of the BBB and BRB. The requirement for ongoing Wnt signaling in mature CNS ECs has been shown by (1) the loss of barrier integrity that follows an acute reduction in canonical Wnt signaling and (2) the restoration of barrier integrity that follows acute reactivation of canonical Wnt signaling (Liebner et al., 2008; Wang et al., 2012; . Although the normal role of CNS barrier plasticity is not presently known, it is of great interest to the medical community because a wide variety of neurologic and ophthalmologic diseases are associated with compromised BBB or BRB integrity (Zhao et al., 2015) .
Recent work has implicated two additional proteins in Wnt7a/Wnt7b signaling in CNS ECs: Gpr124 and Reck (reversion-inducing cysteine-rich protein with kazal motifs). In mice, Gpr124, a member of the adhesion G-protein-coupled receptor (GPCR) superfamily, is required for angiogenesis in the cerebral cortex, medial and lateral ganglionic eminences (MGE and LGE), and spinal cord and for expression of BBB markers in more mature vasculature (Kuhnert et al., 2010; Anderson et al., 2011; Cullen et al., 2011) . In humans, GPR124 appears to play a role in tumor vascular biology, as GPR124 transcripts are dramatically upregulated in vascular ECs in tumors relative to ECs in normal tissue (St Croix et al., 2000) . Reck, a multi-domain GPIanchored plasma membrane protein with matrix metalloproteinase (MMP) inhibitory activity, was initially identified based on the ability of human RECK cDNA clones to induce reversion of the transformed phenotype in NIH/3T3 cells (Noda et al., 1989) . In mice, Reck plays an essential role in embryonic and placental vascular remodeling, and these activities have been ascribed to its function as an MMP inhibitor, with at least one site of action in pericytes (Oh et al., 2001; Chandana et al., 2010; de Almeida et al., 2015) . In zebrafish, loss-of-function Gpr124 and Reck mutations have very similar phenotypes, with each gene playing an essential role in the development of dorsal root ganglia and intracerebral vascularization (Prendergast et al., 2012; Vanhollebeke et al., 2015; Ulrich et al., 2016) . In cell culture, Gpr124 and Reck strongly enhance Frizzled-and Lrp5/6-dependent canonical Wnt signaling by Wnt7a and Wnt7b, but not by any of the other 17 mammalian Wnts or by Norrin, and in mice, the Gpr124 knockout phenotype can be rescued by experimentally activating canonical Wnt signaling Posokhova et al., 2015; Vanhollebeke et al., 2015) .
In the present study, we have addressed a series of open questions related to the role of Reck and Gpr124 in mammalian CNS angiogenesis and barrier maintenance. What is the functional and anatomic relationship between Reck and Gpr124 loss-of-function defects in the CNS vasculature? What are the functional relationships between Reck and Norrin pathways? Are there defined domains of Reck and Gpr124 that interact physically and functionally? Does signaling-and Wnt specificity-involve a multi-protein complex of ligand, receptor, and co-receptor, together with Gpr124 and Reck?
RESULTS

Reck Is Required for Canonical Wnt Signaling in CNS ECs and for Normal CNS Angiogenesis
To assess the role of Reck in CNS ECs, we studied Reck ;Tie2-Cre vascular EC-specific knockout embryos (Figure 1 ). Reck exon 2 deletion produces a hypomorphic allele (Chandana et al., 2010) , whereas Reck exon 1 deletion produces a null allele (Oh et al., 2001 ;Tie2-Cre genotypes circumvent the embryonic day 10.5 (E10.5) lethality seen with the Reck Dex1/Dex1 genotype, which precludes an analysis of CNS vascularization (Oh et al., 2001; Chandana et al., 2010) . In E13.5 embryos of both genotypes, hemorrhaging occurs in the forebrain and spinal cord (Figures 1B and 1C; Chandana et al., 2010; de Almeida et al., 2015) , and ECs in the cortex, ganglionic eminences, and spinal cord form glomeruloid-like tufts instead of an interconnected vascular network ( Figures 1A-1C ). Vascular density was significantly reduced in these regions (quantified in Figure 1E ), and the hypovascular territories showed increased infiltration of non-endothelial GS Lectin + cells that predominantly co-stain for macrophage markers F4/80 or Cd11b (referred to hereafter as GS Lectin + macrophages; Figure S1 ). This phenotype closely matches the phenotype of Gpr124 null embryos (Kuhnert et al., 2010; Anderson et al., 2011; Cullen et al., 2011; . In these and all embryos described below, the growth of the embryo and the appearance of non-CNS vasculature were normal, implying that vascular defects were confined to the CNS. A complete list of all embryonic genotypes examined and the severities of their vascular phenotypes can be found in Table S1 .
Given the emerging role of Reck as a specific co-activator of Wnt7a/Wnt7b signaling (Vanhollebeke et al., 2015) , we investigated whether the CNS vascular defects in Reck mutant embryos are associated with a reduction in canonical Wnt signaling. Existing reporter lines for canonical Wnt signaling are based on transgenes expressing b-galactosidase or GFP under the control of either the Axin2 promoter or a juxtaposition of multimerized TCF/LEF sites and a minimal promoter (Jho et al., 2002; Maretto et al., 2003; Ferrer-Vaquer et al., 2010) . The utility of these reporter lines is limited by (1) their capacity for expression in many cell types, which can make it difficult to visualize changes in canonical Wnt signaling in a minor cell type, and (2) random variegation in transgene expression. To resolve these problems, we generated a new Wnt reporter line by knocking into the ubiquitously expressed Rosa26 locus the sequences coding for a histone H2B-GFP-6xmyc fusion protein under the control of 8xTCF/ LEF binding sites and a minimal promoter, with the added feature that reporter expression also requires removal of a loxP-stoploxP (LSL) cassette by Cre-mediated recombination ( Figure S2A ). This last feature represents a general strategy for cell-type-specific visualization of any reporter. Figures S2B-S2D ;Rosa26 Tcf./Lef-LSL-H2B-GFP;Tie2-Cre embryos show significantly reduced nuclear GFP in the vascular tufts in the cortex, ganglionic eminences, and spinal cord compared to the phenotypically WT control, implying that Reck activity is required in CNS ECs for canonical Wnt signaling .
If Reck is responsible for activating canonical Wnt signaling at a level upstream of b-catenin stabilization, then artificially (D) following i.p. injection of 1.5 mg of tamoxifen in gestational day 10.5 (GD10.5) females. At E13.5, the resulting embryos exhibit little or no hemorrhaging in the forebrain and spinal cord and show a near-complete rescue of vascularization in these regions. stabilizing b-catenin should rescue the Reck mutant vascular phenotype. Exon 3 of the b-catenin gene (Ctnnb1) harbors key phosphorylation sites for glycogen synthase kinase-3 (GSK-3) that target b-catenin for degradation. We therefore combined EC-specific expression of CreER (from a Pdgfb-CreER transgene) and the Ctnnb1 flex3 allele, which contains loxP sites flanking exon 3, to produce an in-frame deletion of this region and artificially stabilize b-catenin specifically in ECs. Gestational day 10.5 (GD10.5) females were injected intraperitoneally (i.p.) with 1.5 mg of tamoxifen, and their embryos were harvested 3 days later for analysis. The resulting E13. Figure 1E ). We ascribe the incomplete phenotypic rescue to the relatively brief (3 day) time window during which rapid CNS growth may make it difficult for angiogenesis in Reck Dex2/Dex2
;Ctnnb1 flex3/+ ;PdgfbCreER embryos to catch up to their WT counterparts. Control experiments in which Ctnnb1 flex3/+ ;Pdgfb-CreER was used to stabilize b-catenin in ECs on a phenotypically WT genetic background during the same E10.5-E13.5 time window showed little or no effect on CNS angiogenesis Reck Is Required for the Development of the Blood-Brain Barrier The development of the BBB is tightly coupled to CNS angiogenesis, and decreased canonical Wnt signaling perturbs both of these processes (Wang et al., 2012; ;Tie2-Cre embryos survive to birth, we assessed BBB integrity in neonatal pups by i.p. injection of a membrane impermeable sulfo-N-hydroxysuccinimide-long chain-biotin (sulfo-NHS-biotin) tracer. As expected from their appearance at E13.5, Reck flex2/Dex1 ;Tie2-Cre neonates exhibit impaired angiogenesis and severe hemorrhaging in the cortex (Figure 2) . Interestingly, the hypothalamus and brainstem, where vascular density was close to normal and there was no hemorrhaging, showed extensive sulfo-NHS-biotin leakage, and lower level leakage was widely present in many subcortical regions. Consistent with a defect in BBB development, the fenestral diaphragm protein plasmalemma vesicle-associated protein (PLVAP), which serves as a marker for the differentiation state of ECs and correlates with a compromised BBB (Stan et al., 2004; Wang et al., 2012) , was elevated throughout the Reck flex2/Dex1 ;Tie2-Cre CNS. These data point to a central role for endothelial Reck in BBB development.
Reck Signaling Is Partially Redundant with Norrin Signaling in Promoting CNS Angiogenesis and BBB Maintenance Norrin signaling, in addition to being largely responsible for retinal angiogenesis and the development of the BRB, has been shown to function in parallel with Gpr124 to regulate angiogenesis and barrier integrity in the brain . To examine the functional and anatomic relationship between Reck-and Norrin-mediated Wnt signaling in CNS angiogenesis, we analyzed embryos that carry various allelic combinations of Reck and Ndp (Norrin) mutant alleles (Figure 3) . (Since Ndp is an X-linked gene, Ndp null male mutant mice .) Previous analyses of hindbrain vasculature of Gpr124 and Ndp mutant embryos were performed at E11.5 (Vanhollebeke et al., 2015) , and that the absence of either one reduces, but does not abolish, Wnt7a/Wnt7b signaling. The genetic interaction between Reck and Ndp closely mirrors that observed between Gpr124 and Ndp , and together, they support a model in which Reck/Gpr124-and Norrin-mediated signaling represent two parallel pathways that function redundantly in the hindbrain to promote angiogenesis. Maintenance of the BBB depends on canonical Wnt signaling in mature ECs (Liebner et al., 2008; Wang et al., 2012; . We therefore investigated the functional relationship between Reck-and Norrin-mediated signaling on BBB maintenance postnatally. Mice carrying various combinations of Reck and Ndp alleles, together with Pdgfb-CreER, were injected i.p. with 50 mg of 4-hydroxytamoxifen (4-HT) at postnatal days 3 and 4 (P3 and P4), followed by analysis of P7 brains for sulfo-NHS-biotin leakage. For all genotypes characterized, the vasculature was structurally intact and devoid of hemorrhaging. Reck ;Ndp D/Y ;Pdgfb-CreER) produced extensive leakage throughout the brain, most prominently in the cortex ( Figure 3I ). In these mice, CNS ECs showed reduced Claudin-5 expression and widespread PLVAP upregulation (Claudin-5 À ; PLVAP + ), consistent with the loss of BBB integrity ( Figure 3I and quantified in Figure 3J ).
These changes closely resemble the BBB breakdown and Claudin-5 À ;PLVAP + conversion produced in an analogous experiment featuring the combined postnatal loss of Gpr124 and Norrin . In both of these experiments, treatment with 4-HT in early postnatal life produced efficient Pdgfb-CreER-mediated recombination of the Reck or Gpr124 conditional alleles, as judged by the near-complete conversion of CNS ECs from PLVAP À to PLVAP + ( Figure 3I ; . To the extent that some ECs do not undergo recombination, then these experiments would be underestimating the severity of the loss-of-function phenotypes. We also quantified cortical vascular density and observed an $35% reduction for both Reck Together, these data imply functionally redundant roles for Reck/Gpr124 and Norrin signaling in maintaining BBB integrity.
Reck Genetically Interacts with Gpr124 and Wnt7a/Wnt7b
The severe E11.5 hindbrain angiogenesis defect produced by the combined EC-specific loss of Reck and Gpr124 suggested that a systematic exploration of the effects of reduced Reck and Gpr124 gene dosage would be of interest. Figure 4 shows such an analysis at a time point (E13.5) and in a format that are identical to those in ;Tie2-Cre mutants ( Figures 4B-4F ). The progressive increase in severity of the angiogenic phenotype that is elicited by EC-specific decrements in Reck and/or Gpr124 gene dosage imply that there is a correspondingly graded cell biological response of developing ECs to different levels of Reck/Gpr124-mediated signaling.
Although all of the CNS angiogenesis phenotypes described here are associated with accumulation of GS Lectin + macrophages in the CNS parenchyma, the number of macrophages does not continue to increase with increasing severity of the angiogenic phenotype (i.e., reduced vascular density; Figure ;Tie2-Cre embryos. These data suggest that a baseline vascular infrastructure is required for maximal macrophage infiltration into damaged CNS tissue.
Cell culture experiments show that Reck functions as a specific co-activator for Wnt7a/Wnt7b signaling (Vanhollebeke et al., 2015) , but, as yet, there is no in vivo evidence for such an interaction. Previous work has shown that Wnt7a
+/D mutant mice have a near-normal neurovascular phenotype (Stenman et al., 2008; Daneman et al., 2009; Posokhova et al., 2015) . Consistent with that work, Figure S3 ;Wnt7a
+/D embryos, consistent with the suggestion above that an intact vascular network is required for efficient infiltration of macrophages into the brain parenchyma ( Figures S3C, S3D , and S3F). In sum, these data provide genetic evidence that Reck functionally cooperates with Gpr124 and Wnt7a/Wnt7b in CNS angiogenesis.
The N-terminal Domains of Reck and Gpr124 Are Required for Synergistic Wnt7a/Wnt7b Activation In Vitro Given the evidence that Reck and Gpr124 function as specific co-activators of Wnt7a/Wnt7b signaling Posokhova et al., 2015; Vanhollebeke et al., 2015) , we sought to define the regions that are required for this activity. The ectodomain of Gpr124 consists of an N-terminal leucinerich repeat domain (LRR), an immunoglobulin-like domain (Ig), a hormone receptor domain (HormR), and a putative GPCR autoproteolysis-inducing domain (GAIN) ( Figure S4A ). We generated deletion mutants for each of these domains and used cell surface biotinylation of C-terminally epitope-tagged proteins to show that the plasma membrane localization of each mutant in transfected cells was comparable to WT Gpr124 ( Figure S4B ). Using a Super TOP Flash (STF) luciferase reporter cell line for canonical Wnt signaling (Xu et al., 2004) , we co-transfected Reck, Wnt7a, and each of the Gpr124 mutants and observed that deletion of the LRR and/or Ig domains largely eliminated Gpr124 activity, consistent with a previous report (Posokhova et al., 2015) , whereas deletion of the HormR or GAIN domain had only a modest effect on activity ( Figure S4C ).
The function of Reck as an MMP inhibitor has been attributed to its Kazal-like domains (Chang et al., 2008) . The functions of other domains, which include five tandem copies of a domain with a di-cysteine motif (CC1-5), a Frizzled-like cysteine-rich domain (Fz-like CRD), and two EGF-like domains, remain largely uncharacterized. To identify the domains of Reck required for canonical Wnt signaling, we inserted a Myc epitope immediately after the signal peptide and then generated various domain deletions (Figure S5A ). Plasma membrane localization for each mutant was confirmed by both cell surface biotinylation and live-cell immunostaining for Myc ( Figures S5D and S5E ). We note a pattern of cell surface puncta in our live-cell immunostaining images, which implies that Reck localizes in membrane zones, perhaps in lipid rafts or caveolae ( Figure S5E ). Using STF reporter cells co-transfected with Gpr124, Wnt7a, and each of the Reck mutants, we observed that deletion of the five tandem CC domains (DCC1-5) completely abolished Reck activity ( Figure S5B ). Other truncation mutants (DFz-like CRD, DC-term1, and DC-term2) substantially reduced, but did not eliminate, activity; it is unclear whether these reductions represent an indirect effect due to the shortened distance from the plasma membrane to more N-terminal domains. These data imply that the most N-terminal domains of both Gpr124 (LRR-Ig) and Reck (CC1-5) play a critical role in activating Wnt7a/Wnt7b signaling. Based on these results, we focused on CC1-5 and constructed a series of deletion mutants to more precisely define the role of individual CC domains ( Figures S5C-S5E ). DCC2 and DCC5 were able to stimulate Wnt activity at levels comparable to WT Reck, while DCC3 had $50% WT activity. The most dramatic defects in activity were observed for DCC1 and DCC4, with the latter showing a complete loss of function. We performed an initial analysis of Reck CC4 function by converting the presumptive surface residues to alanines in blocks of several amino acids per mutant; however, none of the 14 alanine-scanning mutants in CC4 showed a significant reduction in Wnt signaling when co-transfected with Wnt7a and Gpr124 (data not shown). One possible explanation for this result is that there are multiple non-adjacent surface regions that are functionally redundant for CC4 function. Alternatively, CC4 may be important only in relation to the overall architecture and/or spacing of other Reck domains.
Direct Binding between Domains of Reck and Gpr124 that Activate Canonical Wnt Signaling
The biochemical mechanism by which Reck and Gpr124 synergistically enhance Wnt signaling has not been determined. Since both co-activators are membrane proteins, the simplest possibility is that they form part of the signaling complex with the receptor, co-receptor, and ligand. Thus far, the only reported experiment that directly addresses their physical association is a proximity ligation assay, indicating that a measurable fraction of Reck and Gpr124 reside near one another when they are overexpressed in transiently co-transfected cells (Vanhollebeke et al., 2015) . To test for a direct interaction between the domains of Reck and Gpr124 that are critical for canonical Wnt signaling, we generated alkaline phosphatase (AP) fusion proteins with the critical Wnt-activating domains of Reck (CC1-5) and Gpr124 (LRR-Ig). In these initial constructs, we included a cartilage oligomeric matrix protein (COMP) domain for pentamerization to increase the avidity of the probes ( Figure 5A ; Figure S6A ). These COMP-AP fusion proteins were tested for their ability to bind Gpr124, Reck, or several of their deletion derivatives on the surface of transfected COS-7 cells.
The Reck(CC1-5)-COMP-AP probe bound robustly to COS-7 cells transfected with Gpr124, but not its close homolog Gpr125, which does not activate Wnt7a/Wnt7b signaling or synergize with Reck ( Figure 5B ; Vanhollebeke et al., 2015) . Deletion of the Wnt-activating domains of Gpr124 (DLRR, DIg, and DLRR+Ig) abolished Reck(CC1-5)-COMP-AP binding, while deletion of the GAIN domain had little or no effect ( Figure 5B) . Deletion of the Gpr124 HormR domain, which reduces canonical signaling by $50% in STF cells ( Figure S4C ), reduced Reck(CC1-5)-COMP-AP binding below the limit of detection ( Figure 5B ). It is possible that in Gpr124(DHormR), the LRR and Ig domains are positioned in a way that hinders their interaction with Reck(CC1-5)-COMP-AP. (In reciprocal experiments involving incubation of Gpr124(LRRIg)-COMP-AP to COS-7 cells transfected with Reck and its deletion derivatives, the greatest decrements in binding were with Reck DCC1-5, DCC2-5, DCC1, and DCC2 [ Figures S6A  and S6C ], but we note that these binding experiments have a relatively low signal-to-noise ratio.) These data point to the Reck(CC1-5) domain as important for both Gpr124(LRR-Ig) binding and Wnt7a/Wnt7b signaling.
To investigate protein-protein binding in a cell-free system, Gpr124(LRR-Ig)-Fc and Reck(CC1-5)-Fc fusion proteins (''baits'') were captured on protein-G-coated wells and incubated with various COMP-AP probes. Consistent with the COS-7 binding data, Reck(CC1-5)-COMP-AP bound robustly to Gpr124(LRR-Ig)-Fc, but not to a negative control bait (Figure 5C ). Reciprocally, Gpr124(LRR-Ig)-COMP-AP bound to Reck(CC1-5)-Fc, albeit weakly, but not to a negative control bait ( Figure S6B ). Importantly, Reck(CC1-2)-COMP-AP and Reck(CC1)-COMP-AP bound robustly to Gpr124(LRR-Ig)-Fc, showing that Reck(CC1) is not only necessary, but also sufficient for direct binding ( Figure 5C ).
To identify the region of Reck(CC1) that contacts Gpr124, we constructed 16 alanine-scanning block substitutions in Reck(CC1)-COMP-AP, together covering nearly all CC1 residues other than glycine and cysteine ( Figure 5D ). By immunoblotting and AP enzyme activity, seven of the 16 CC1 mutants expressed at readily detectable levels (Ala Figures S6D and S6E) , and these were used for binding experiments after equalizing their concentrations. Only two of the seven CC1 mutants failed to bind to Gpr124(LRR-Ig)-Fc: Ala Scan-9 and -10 ( Figure 5E ). Single alanine substitution of the five residues encompassed by these two adjacent block substitutions showed that three of the five-R69A, P71A, and Y73A-greatly decreased binding (Figure 5F ). These three residues are highly conserved across (C) Cell-free binding assay using Gpr124(LRR-Ig) or Reck(CC1-5) (a negative control) Fc baits captured in protein-G-coated wells. Each bait was incubated with three COMP-AP probes: Reck(CC1), Reck(CC1-2), and Reck(CC1-5). After removing unbound probe, the bound probe was visualized with a colorimetric AP reaction. (D) Amino acid sequence of mouse Reck CC1, with alanine scanning mutants indicated. Alanine substitution blocks 2, 7, 10, 14, and 16 were produced at near-WT levels and 9 and 15 at reduced levels ( Figures S7A and S7B) . vertebrates, whereas adjacent residues that are dispensable for binding are not ( Figure 5G ). Taken together, these experiments pinpoint a highly conserved region-most likely a binding surface-on Reck CC1 that is required for Gpr124(LRR-Ig) binding.
The Reck-CC1-Binding Site for Gpr124 Is Important for Wnt Signaling and CNS Angiogenesis To assess the importance of the Reck-CC1-binding site for canonical Wnt signaling, we generated full-length Reck derivatives that contained the Ala Scan-9, -10, and -9+10 substitutions. The three mutants exhibited a level of plasma membrane accumulation similar to WT, as determined by surface biotinylation (Figure S6F) . When co-transfected with Gpr124 and Wnt7a in STF cells, all three mutants showed $50% of the activity level of WT Reck ( Figure 6A ), and this reduction was consistent over a wide range of Gpr124 and Reck DNA concentrations ( Figures  6B and 6C ).
If the Reck-Gpr124 interaction is important for Wnt7a/Wnt7b signaling, then its disruption in vivo should impair CNS angiogenesis. We therefore used CRISPR/Cas9 to generate mice carrying a Reck allele with the five Ala Scan-9+10 substitutions, hereafter referred to as Reck Cr ( Figure 6D ). At E13.5, immunoblotting
shows that the abundance and electrophoretic mobility of the Reck protein was the same in WT and Reck Cr/Cr embryos (Figure 6E In an initial set of experiments, we explored the binding properties of Reck(CC1-5)-AP and AP-Gpr124(LRR-Ig)-i.e., AP fusion proteins that lack the COMP pentamerization motif (Figure 7A ). In contrast with their higher avidity COMP-AP counterparts ( Figure 5 ; Figure S6 ), Reck(CC1-5)-AP did not detectably bind to COS-7 or HEK293T cells expressing Gpr124, and APGpr124(LRR-Ig) did not detectably bind to COS-7 or HEK293T cells expressing Reck. Additionally, Reck(CC1-5)-AP and APGpr124(LRR-Ig) did not detectably bind to cells expressing Wnt7a, Fz4, or Wnt7a+Fz4; Reck(CC1-5)-AP did not detectably bind to cells expressing Gpr124+Fz4; and AP-Gpr124(LRR-Ig) did not detectably bind to cells expressing Reck+Fz4. However, expression of Gpr124+Wnt7a+Fz4 or Gpr124+Wnt7a+Fz4+Lrp5 dramatically enhanced the binding of Reck(CC1-5)-AP, and expression of Reck+Wnt7a+Fz4 or Reck+Wnt7a+Fz4+Lrp5 dramatically enhanced the binding of AP-Gpr124(LRR-Ig) (Figure 7A ). (Interestingly, Reck(CC1-5)-AP bound at a low level to cells expressing Gpr124+Wnt7a, and AP-Gpr124(LRR-Ig) bound at a moderate level to cells expressing Reck+Wnt7a. We attribute the binding signals observed in the absence of a co-transfected Frizzled or co-transfected Lrp5/Lrp6 to the low-level expression of many Frizzled family members and Lrp5/Lrp6 by HEK293 cells, as determined by RNA sequencing [RNA-seq]; unpublished data.) Importantly, in all cases in which there was a positive binding signal, the co-expression of Wnt7a was required, suggesting that high-affinity complex formation is ligand dependent ( Figure 7A ; Figures S7A and S7B ). Having earlier identified the critical residues on Reck CC1 that facilitate binding to Gpr124 (Figures 5D-5F ), we next tested whether the AP-Gpr124(LRR-Ig) probe could assemble into a complex in the presence of Wnt7a and Fz4 along with either WT Reck or the Reck-Ala9+10 mutant ( Figure S7C) . Consistent with the in vitro Reck CC1-COMP-AP binding experiments in Figures 5D-5F , mutating the critical CC1 amino acids to alanine abolishes AP-Gpr124(LRR-Ig) binding to the cell surface (Figure S7C) . These data further support the importance of Reck CC1 in binding to Gpr124(LRR-Ig).
The simplest explanation for the binding data in Figures 7A,  S7A , and S7B is that the AP probes co-assemble into a multiprotein signaling complex at the cell surface. However, it is conceivable that binding of Reck(CC1-5)-AP reflects high-level accumulation of Gpr124 at the cell surface and that binding of AP-Gpr124(LRR-Ig) reflects high-level accumulation of Reck at the cell surface-in both cases as a consequence of the combined production of multiple signaling proteins. To test this idea, we assessed total and cell surface levels of Fz4-1D4 (1D4 is a C-terminal epitope tag), Wnt7a-1D4, Gpr124-3xHA, and Reck with various combinations of co-expressed proteins by cell surface biotinylation, NeutrAvidin pull-down, and western blotting ( Figure S7D ; the bioactivity for Fz4-1D4 and Wnt7a-1D4 was comparable to that of their WT counterparts by STF reporter activity; data not shown). For most combinations of co-transfected proteins, Fz4, Gpr124, and Reck exhibited little or no change in cell surface levels ( Figure S7D ). The only exception to this pattern is seen for Gpr124 co-transfected with Fz4, which leads to an $2-to 4-fold increase in cell surface Gpr124 ( Figure S7D ). However, we note that co-transfection of Gpr124 and Fz4 does not lead to detectable Reck(CC1-5)-AP binding. Wnt7a-1D4 accumulation at the plasma membrane could not be defined as it was below the limit of detection of this assay ( Figure S7D ). These data show that cell-surface accumulation of individual binding proteins (Gpr124 and Reck) cannot account for the dramatically enhanced binding signals observed in Figures 7A, S7A , and S7B.
To determine whether the Reck(CC1-5)-AP and APGpr124(LRR-Ig) binding reactions exhibit Wnt specificity, we co-transfected HEK293T cells with Gpr124+Fz4 or Reck+Fz4 together with each of the 19 Wnt ligands or Norrin. Strikingly, Reck(CC1-5)-AP only bound when cells expressed Gpr124+Fz4 together with Wnt7a or Wnt7b, and AP-Gpr124(LRR-Ig) only bound when cells expressed Reck+Fz4 together with Wnt7a or Wnt7b ( Figure 7B ). These binding specificities precisely mirror the signaling specificity of Reck and Gpr124 previously defined in STF cells Vanhollebeke et al., 2015) , and they further support the conclusion that binding reflects the assembly of a multi-protein ligand/receptor/co-activator complex.
To assess Frizzled specificity, we expressed Wnt7a+Gpr124 or Wnt7b+Gpr124 together with each of the ten Frizzled receptors and probed the cells with Reck(CC1-5)-AP ( Figure 7C) Figure 7A and noted above, this probe produces a moderate binding signal even in the absence of Frizzled transfection.) Consistent with these data, previous work using the STF reporter assay showed that (1) Wnt7a and Wnt7b elicited the strongest responses when co-transfected with Fz5 or Fz8 and (2) Fz3 and Fz6 gave little or no response with any Wnt ligand and do not synergize with Reck and Gpr124 in the presence of Wnt7a (Yu et al., 2012; Vanhollebeke et al., 2015) . RNAseq of FACS-purified P7 mouse brain ECs shows expression of Fz6 ($110 FPKM), Fz4 (35 FPKM), Fz1 (6 FPKM), and Fz8 ($4 FPKM) (Zhang et al., 2014) . Integrating this gene expression data with the Reck/Gpr124 signaling and binding data suggests that Wnt7a/Wnt7b signaling in brain ECs is likely mediated by the combined actions of Fz4, Fz1, and Fz8.
DISCUSSION
The experiments reported here reveal an essential role for Reck and Gpr124 as integral parts of the cell surface protein complex that transduces Wnt7a-and Wnt7b-specific signals in mammalian CNS ECs to promote angiogenesis and BBB formation and maintenance. In particular, we show that (1) in the embryo, ECspecific reduction in Reck is accompanied by a reduction in canonical Wnt pathway activation in CNS ECs and by angiogenesis defects that can be largely rescued by artificially stabilizing b-catenin; (2) the phenotypes produced by EC-specific reduction in Reck closely resemble the phenotypes produced by loss of Gpr124 in their appearance, timing, and anatomic selectivity; (3) EC-specific reduction in Reck synergizes with loss of Norrin in CNS angiogenesis and BBB maintenance in a manner closely resembling the synergy produced by the combined loss of Gpr124 and Norrin; (4) EC-specific reduction in Reck synergizes with reductions in Gpr124 and in Wnt7a/Wnt7b in CNS angiogenesis; (5) the CC1 domain of Reck interacts directly with the LRR-Ig domains of Gpr124, and weakening this interaction by targeted mutagenesis of CC1 reduces Reck/Gpr124 stimulation of Wnt7a-mediated canonical Wnt signaling and impairs CNS angiogenesis; (6) Gpr124(LRR-Ig)-AP binds to cells expressing Frizzled, Wnt7a or Wnt7b, and Reck; and (7) Reck(CC1-5)-AP binds to cells expressing Frizzled, Wnt7a or Wnt7b, and Gpr124. Taken together, these data are most consistent with a model in which Wnt7a-and Wnt7b-mediated canonical signaling in ECs occurs in the context of a multi-protein complex consisting of Wnt, Frizzled, Lrp5 or Lrp6, Gpr124, and Reck ( Figure 7D ).
Ligand-Receptor Specificity in Canonical Wnt Signaling
In the 20 years since the discovery that Frizzleds constitute the principal receptors for Wnts and the roughly contemporaneous appreciation that mammalian genomes code for 10 Frizzleds and 19 Wnts, the extent of Wnt-Frizzled specificity and the biological roles that such specificity might play have largely remained open questions. The potential for a high degree of ligand-receptor specificity in canonical Wnt signaling is seen in the high selectivity of the non-Wnt ligand Norrin for its receptor Frizzled4 (Xu et al., 2004; Smallwood et al., 2007; Chang et al., 2015) . Commensurate with this high degree of specificity, the crystal structure of the Norrin dimer, in complex with a pair of Frizzled4 CRDs, shows $3,500 Å 2 of buried surface area for the dimeric interaction (Chang et al., 2015; Shen et al., 2015) .
In contrast to the specificity of Norrin-Frizzled4 interactions, signaling assays with the 190 pairwise combinations of 19 Wnts and 10 Frizzleds show relatively promiscuous interactions (Yu et al., 2012) . Although only a few Wnts are available in biochemically well-behaved form for direct binding assays, the several that have been tested bind to multiple Frizzleds (Hsieh et al., 1999; Dijksterhuis et al., 2015) . Consistent with this relatively promiscuous binding, the crystal structure of Xenopus Wnt8 in complex with mouse Fz8 CRD shows: (1) $600 Å 2 of buried surface area associated with a hydrophobic groove on the CRD and the lipid that is covalently linked to Wnt8, a conserved feature among mammalian Wnts, and (2) an additional $1,400 Å 2 of surface area buried by protein-protein contacts that largely consist of residues from each protein that are conserved across family members (Janda et al., 2012) . Overlap in Wnt-Frizzled specificity could plausibly explain the greater severity of several double Wnt or double Frizzled knockout (KO) phenotypes compared to the constituent single KO phenotypes (e.g., Wnt1 and Wnt4, Mulroy et al., 2002; Wnt3a and Wnt8a, Cunningham et al., 2015; Fz1, Fz2, and Fz7, Yu et al., 2010, 2012) . Under this scenario, WT function would be redundantly mediated by two Wnts signaling through the same Frizzled receptor(s) or by two Frizzleds stimulated by the same Wnt(s), and in each case, loss of both redundant genes would be required to produce a severe phenotype. Overlap in specificity is also possible for pairs of Wnt genes or pairs of Frizzled genes with non-interacting loss-of-function phenotypes, since the absence of a genetic interaction could simply reflect non-overlap in the spatiotemporal pattern of expression rather than intrinsic differences in ligand-receptor specificity. As described here, the existence of additional membrane components (Reck and Gpr124) that are part of the Wnt/Frizzled/ Lrp signaling complex represents an evolutionary strategy that increases Wnt-Frizzled specificity without requiring a change in the Wnt-Frizzled binding interface.
Gpr124 and Reck Regulate Canonical Wnt Signaling at the Ligand/Receptor Level
The ability of Gpr124 and Reck to enhance signaling by Wnt7a and Wnt7b, with little or no effect on signaling by other Wnts, argues for a direct interaction between Reck/Gpr124 and the Wnt ligand. This model is strongly supported by the APGpr124(LRR-Ig) and Reck(CC1-5)-AP cell-surface-binding experiments in Figure 7 . Less direct models are possible, including models in which a distinctive Wnt7a/Wnt7b-induced conformational change in Frizzled and/or Lrp5/6 is recognized by Reck/Gpr124. However, models in which Reck/Gpr124 regulates the stability or trafficking of unliganded Frizzled or Lrp5/6 seem less likely because they do not account for the observed Wnt7a/Wnt7b specificity.
A technical challenge in defining the biochemical mechanism of Reck and Gpr124 function is the relatively low affinities of their interactions. For laterally interacting proteins on the plasma membrane of the same cell, we can rationalize the low affinity of protein-protein interactions in the following way: since the constraint of a two-dimensional diffusion space favors binding, low affinities suffice for efficient assembly of the multi-protein complex. Indeed, high-affinity interactions between components would be disfavored if the system operates with rapid exchange of subunits or a steady-state mixture of free and assembled subunits. In the case of canonical Wnt signaling in CNS ECs, rapid exchange of subunits may be an efficient way for Frizzled4 and Lrp5/6 to mediate signaling via Norrin, with Tspan12 as a co-activator, and via Wnt7a/Wnt7b, with Reck/ Gpr124 as coactivators.
Reck, a Multifunctional Regulator
The present work extends Reck's biochemical and functional repertoire by revealing a role for its N-terminal CC domains. In addition to the role of CC1 in binding to Gpr124 and stimulating Wnt7a/Wnt7b signaling, CC4 also appears to play an important role based on the large decrease in Wnt7a/Wnt7b signaling that accompanies its deletion. The five CC domains, each of which has six cysteines, have no readily detectable homologs in the current protein database.
Previous work on Reck activity in vascular development has largely focused on MMP inhibition, which derives from Reck's three tandem repeats of a Kazal-type serine protease inhibitor domain (Takahashi et al., 1998; Oh et al., 2001; Chang et al., 2008) . Reck is essential for angiogenesis and vascular remodeling in multiple non-CNS tissues, including in the yolk sac and abdomen (Chandana et al., 2010) , and Reck's role in these contexts has been ascribed to MMP inhibition on the surface of ECs and mural cells (de Almeida et al., 2015) . The importance of Reck-mediated MMP inhibition is supported by the observation that the vascular defects and mid-gestational lethality caused by ubiquitous knockout of Reck can be partially suppressed by knocking out MMP2 (Oh et al., 2001) .
In addition to its role in vascular biology, Reck inhibits a disintegrin and metalloproteinase (ADAM)-10 (and possibly other ADAM family members) in cortical and spinal cord progenitors, which increases Notch signaling by suppressing ADAM-catalyzed cleavage of the Notch ligand Delta-like 1 (Dll1) (Muraguchi et al., 2007) . In the developing spinal cord, glycerophosphodiester phosphodiesterase 2 (GDE2) releases Reck from the plasma membrane by cleaving its GPI anchor, thereby reducing Reck concentration locally . The resulting disinhibition of ADAM-10 enhances cleavage of Dll1 and thereby downregulates Notch signaling, which promotes differentiation of spinal motor neurons (Muraguchi et al., 2007) .
Gel filtration and electron microscopy of negatively stained samples indicate that Reck is a dimer (Omura et al., 2009) . As current evidence indicates that the Lrp5 and Lrp6 co-receptors are also dimers (Liu et al., 2003; Chen et al., 2014) , and Norrin is a disulfide linked dimer (Chang et al., 2015; Shen et al., 2015) , it appears plausible that the native signaling complexes comprising Norrin/Frizzled4/(Lrp5 or Lrp6)/Tspan12 and (Wnt7a or Wnt7b)/Frizzled/(Lrp5 or Lrp6)/Gpr124/Reck consist of two copies of each component. For the latter complex, this would imply a molecular mass of $900 kDa.
Interplay of Norrin and Wnt7a/Wnt7b Signaling in Human Disease
Compromised BBB integrity is associated with a wide variety of neurologic disorders, including traumatic brain injury, stroke, multiple sclerosis, infection, and neurodegenerative diseases such as Alzheimer's disease (Zhao et al., 2015) . Recent studies using mouse models of glioblastoma and ischemic stroke found a greater loss of CNS microvascular integrity in mice with ECspecific loss of Gpr124 compared to heterozygous controls, suggesting that, in these and other disorders characterized by loss of CNS vascular integrity, reduced Wnt7a/Wnt7b signaling could predispose to worse clinical outcomes and enhanced Wnt7a/Wnt7b signaling could be of therapeutic value (Chang et al., 2017) . Direct evidence that canonical Wnt signaling may be relevant for human BBB integrity comes from the observation that $10% of Norrie disease patients suffer from a chronic seizure disorder, which could plausibly reflect leakage of excitatory serum contents, such as glutamate, into the CNS (Smith et al., 2012; Okumura et al., 2015) .
A distinctive feature of the control of CNS angiogenesis and BBB integrity by canonical Wnt signaling is the anatomic regionalization of Norrin and Wnt7a/Wnt7b/Gpr124/Reck action. In the embryonic hindbrain, both systems are active, and they show nearly complete redundancy in promoting angiogenesis. In the embryonic cerebral cortex and ganglionic eminences, Wnt7a/ Wnt7b/Gpr124/Reck signaling is predominant and Norrin signaling is minimal. In contrast, in the retina, Norrin signaling is predominant and Wnt7a/Wnt7b/Gpr124/Reck signaling is minimal, with the result that loss of Norrin signaling leads to a severe defect in retinal angiogenesis. It is interesting to consider that if angiogenesis in the retina more closely resembled angiogenesis in the hindbrain, with redundant Norrin and Wnt7a/ Wnt7b/Gpr124/Reck signaling, then Norrie disease, the most severe inherited disorder of retinal vascularization, would likely not exist.
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68 promoter (Ferrer-Vaquer et al., 2010) ; a LSL cassette; an open reading frame coding for a histone H2B-GFP-6xMyc fusion protein; and a bovine growth hormone 3 0 UTR. The R26-Tcf./Lef-LSL-H2B-GFP targeting construct with a flanking Diphteria toxin-A coding sequence was electroporated into R1 ES cells, which were then subjected to G418 selection. Clones harboring the targeted allele were identified by Southern blot hybridization, karyotyped, and injected into blastocysts. Germline transmission to progeny of founder males was determined by PCR.
The Reck Cr mouse was generated using CRISPR/Cas9 gene editing. A sgRNA (gattattgccctgaaacaat) targeting exon 3 of Reck was selected and synthesized, as described by Pelletier et al. (2015) . Briefly, a dsDNA template containing the sequences for a T7 promoter, the sgRNA, and a tracrRNA scaffold was generated by tandem PCR amplification and purification on a QIAGEN column (QIAGEN 28106) . In vitro transcription of this dsDNA template was performed using the MEGAshortscript T7 Kit (Invitrogen AM1354), and products were purified using the MEGAclear Transcription Clean-Up Kit (Invitrogen AM1908). The Cas9 mRNA was transcribed from a modified pX330 plasmid (Addgene 42230), which contains a T7 promoter (pX330+T7), using the mMESSAGE mMACHINE T7 Ultra Transcription Kit (Invitrogen AM1345). The transcript was purified by LiCl precipitation. The quality of all purified transcripts was confirmed using the Agilent 2100 Bioanalyzer. The ssODN HDR template (tttctcctcaaaaagtgaatcccgactgaaacatctgttg gctgctgctgctgctgcttgccctgaaacaatggtgagtcttacggagctgtggaag) was synthesized by IDT. The sgRNA, Cas9 mRNA, and HDR template were injected into C57BL/6 x SJL F2 embryos and correctly targeted founders were backcrossed to C57BL/6 mice for a total of four generations.
Mice
The following mouse alleles were used: Reck flex2 (Acc. No. CDB0488K: http://www.cdb.riken.jp/arg/mutant%20mice%20list.html; Chandana et al., 2010) , Reck Dex1 (Oh et al., 2001) , Ctnnb1 flex3 (Harada et al., 1999) , Ndp The following antibodies were used for immunoblot analysis: rabbit anti-6xMyc (JH6204); rabbit anti-HA (Cell Signaling 3724); mouse anti-actin (EMD Millipore MAB1501); rabbit anti-Reck (Cell Signaling 3433); mouse anti-1D4 (MacKenzie et al., 1984) ; and rat anti-alpha tubulin (Invitrogen MA1-80017). Fluorescent secondary antibodies for immunoblotting were from Li-Cor.
Tissue Processing and Immunohistochemistry
Tissue were prepared and processed for immunohistochemical analysis as described by Wang et al. (2012) and . Briefly, embryos and early postnatal brains were harvested and immersion fixed overnight at 4 C in 1% PFA, followed by 100% MeOH dehydration overnight at 4 C. Embryos that were specifically prepared for F4/80 or Cd11b staining were harvested and dehydrated without fixation in 100% acetone overnight at 4 C. All tissues were re-hydrated the following day in 1x PBS at 4 C for at least 3 hours before embedding in 3% agarose. Tissue sections of 150-180 mm thickness were cut using a vibratome (Leica).
Sections were incubated overnight with primary antibodies (1:400) or Texas Red streptavidin (1:100) diluted in 1x PBSTC (1x PBS + 0.5% Triton X-100 + 0.1mM CaCl 2 ) + 10% normal goat serum (NGS). Sections were washed at least 3 times with 1x PBSTC over the course of 6 hours, and subsequently incubated overnight with secondary antibodies (1:400) diluted in 1x PBSTC + 10% NGS. If a primary antibody raised in rat was used, secondary antibodies were additionally incubated with 1% normal mouse serum (NMS) as a blocking agent. The next day, sections were washed at least 3 times with 1x PBSTC over the course of 6 hours, and flat-mounted using Fluoromount G (EM Sciences 17984-25). Sections were imaged using a Zeiss LSM700 confocal microscope, and processed with ImageJ, Adobe Photoshop, and Adobe Illustrator software. Incubation and washing steps were performed at 4 C.
4-HT and Tamoxifen Preparation and Administration
4-HT and Tamoxifen were prepared as described by . In short, solid 4-HT (Sigma-Aldrich H7904) or Tamoxifen (Sigma-Aldrich T5648) was dissolved in an ethanol:sunflower seed oil (Sigma-Aldrich S5007) mixture (1:5 volume) to a final concentration of 4 mg/ml or 50 mg/ml, respectively, and stored in aliquots at À80 C. Thawed aliquots of 4-HT and Tamoxifen were diluted to a final concentration of 1 mg/ml and 10 mg/ml, respectively. All injections were performed intraperitoneally. Pups were injected with 50 mL of 4-HT at P3 and again at P4. Gestational day (G)10.5 females were injected with 150 mL of Tamoxifen.
Sulfo-NHS-Biotin Preparation and Administration
Sulfo-NHS-Biotin (Thermo Scientific 21335) was dissolved in 1x PBS to a final concentration of 20 mg/ml. Pups were injected with 100-150 mL Sulfo-NHS-Biotin IP 30-45 min before sacrifice.
Plasmids
The mouse Reck cDNA sequence (GE Dharmacon; clone BC138065) was cloned into the pRK5 mammalian expression vector. The Myc epitope (EQKLISEEDL) was inserted at an endogenous XmaI site downstream of the Reck signal sequence to generate MycReck. Myc-tagged Reck was used as a backbone to generate DCC1-5 (D amino acids (Daa)30-339), DFz-like CRD (Daa348-468), DC-term1 (Daa477-830), and DC-term2 (Daa477-906). An 11 amino acid spacer (GGTRGSGAPGG) replaced each of these deleted segments. Additional deletions in Myc-Reck were constructed without the spacer: -342) , and DCC4-5 (Daa216-342). The COMP domain in the COMP-AP vector encompassed the pentameric domain of COMP (Malashkevich et al., 1996) . The Gpr124 plasmid was a kind gift from Dr. Calvin Kuo (Stanford) and was cloned into a pRK5 expression vector. A 3xHA epitope tag (SGSSGYPYDVPDYAGGYPYDVPDYAGGYPYDVPDYATRG) was inserted between amino acids 1322 and 1323 to generate Gpr124-3xHA. The epitope tagged Gpr124 was used as a backbone to generate the following deletions: DLRR (Daa37-245), DIg (Daa253-348), DLRR+Ig (Daa37-348), DHormR (Daa352-427), and DGAIN (Daa428-751).
Inserts for AP and Fc constructs were PCR amplified from Reck and Gpr124 pRK5 expression vectors. Alanine scanning mutagenesis was performed by tandem PCR. All constructs were confirmed by sequencing.
Expression plasmids for the mouse Wnts and Frizzleds are described in Yu et al. (2012) .
Luciferase Assays
Dual luciferase assays were performed as described by Xu et al. (2004) . Briefly, STF cells were plated on 96-well plates at a confluency of 30%-40%. The following day, fresh DMEM/F-12 (Thermo Fisher Scientific 12500) supplemented with 10% fetal bovine serum (FBS) was replaced in each of the wells. Three hours later, cells were transfected in triplicate with expression plasmids (180-240 ng of DNA per 3 wells) using FuGENE HD Transfection Reagent (Promega E2311). The DNA master mix (unless otherwise specified) included: 1.5 ng of the internal control Renilla luciferase plasmid (pRL-TK), and 60 ng each of the pRK5 expression plasmids for Gpr124, Reck, Wnt7a, mutants, and control vector. 48 hours post-transfection, cells were harvested in 1x Passive Lysis Buffer (Promega E194A) for 20 min at room temperature. Lysates were used to measure Firefly and Renilla luciferase activity using the Dual-Luciferase Reporter Assay System (Promega E1910) and a Turner BioSystems Luminometer (TD-20/20). Relative luciferase activity was calculated by normalizing Firefly/Renilla values. GraphPad Prism 7 software was used to generate plots and perform statistical analysis. The mean ± standard deviations are shown.
Alkaline Phosphatase Binding Assays
Conditioned DMEM/F-12 media containing AP and Fc fusion proteins were collected from HEK293T cells that were transfected with pRK5 expression plasmids using FuGENE HD Transfection Reagent. For Fc fusion proteins, the conditioned media was removed 24 hours after transfection, and cells were washed at least 3 times with 1x PBS prior to incubating them in serum-free DMEM/F-12. All conditioned media were collected 72 hours post-transfection and spun-down to remove detached cells. To quantify yield of AP fusion proteins, an aliquot of the conditioned medium was incubated with BluePhos phosphatase substrate solution (5-bromo-4-chloro-3-indolyl phosphate/tetrazolium; Kirkegaard and Perry Laboratories 50-88-00). For cell-based COMP-AP binding assays ( Figure 5 ; Figure S6 ), COS-7 cells were transfected for 48 hours and subsequently incubated with the COMP-AP probe in serum-containing conditioned medium at 4 C for 2 hours. Cells were washed 6 times with cold PBS prior to fixing with cold 4% paraformaldehyde (PFA) in PBS. Fixed cells were placed in a 70 C water bath for 1 hour to heat denature endogenous AP. Bound AP was visualized by incubation with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) substrate (Roche 11383213001) at room temperature.
For cell-based AP binding assays to assess multi-protein complexes (Figure 7 ), HEK293T cells were used because their high transfection efficiency facilitates co-transfection of multiple plasmids. Cells were plated on 0.2% gelatin coated coverslips, and 48 hours post-transfection the coverslips were incubated with serum-containing conditioned medium at 4 C for 2 hours. Cells were washed 3 times with cold serum-free DMEM/F-12 media prior to fixation, heat denaturation, and AP visualization as described above.
The following probes were tested for cell-based binding assays: Reck(CC1-5)-AP, Gpr124(LRR-Ig)-AP (data not shown), AP-Gpr124(LRR-Ig), Reck(CC1-5)-COMP-AP, and Gpr124(LRR-Ig)-COMP-AP. Gpr124(LRR-Ig)-AP bound minimally to COS-7 cells expressing Reck (data not shown); a stronger signal was obtained with Gpr124(LRR-Ig)-COMP-AP. AP-Gpr124(LRR-Ig), which contains a 3xMyc linker between AP and Gpr124(LRR-Ig), did not bind to COS-7 cells expressing Reck, but bound specifically to HEK293T cells expressing Frizzled/Wnt/Reck multi-protein complexes.
For cell-free AP binding assays, Fc fusion proteins in serum-free conditioned medium were captured on 96-well Protein-G plates (Thermo Fisher Scientific 15131) at 4 C overnight. Wells were washed 3x with PBS, and incubated with conditioned medium containing COMP-AP fusion proteins at 25 C for 1-2 hours. Wells were subsequently washed 6x with PBS, and incubated with BluePhos phosphatase substrate solution. AP activity was detected by measuring absorbance at 620 nm using a SpectraMax M3 Microplate Reader (Molecular Devices). For experiments involving a comparison among different COMP-AP probes, probe concentrations were equalized based on AP activity.
Non-permeabilized Live-Cell Immunostaining, Cell Surface Biotinylation Assay, and Immunoblot Analysis For non-permeabilized live-cell immunostaining, COS-7 cells were transfected with pRK5 expression plasmids using FuGENE HD Transfection Reagent. The media was removed 48 hours post-transfection, and cells were washed 3 times with PBS. Cells were incubated with diluted primary antibodies (1:500) in serum-containing media at 4 C for 1 hour, and then washed 5-6 times with cold PBS, prior to fixation with 4% PFA/PBS. Coverslips were mounted using Fluoromount G and imaged using a Zeiss LSM700 confocal microscope. Images were processed with ImageJ, Adobe Photoshop, and Adobe Illustrator software.
Cell surface biotinylation was performed as described by Pavel et al. (2014) . In short, COS-7 cells were transfected with pRK5 expression plasmids with FuGENE HD Transfection Reagent. The media was removed 48 hours post-transfection, and cells were washed 3 times with PBS. Cells were incubated in PBS containing Sulfo-NHS-Biotin (250 mg/ml) at 4 C for 30 min. Excess biotin was quenched by adding Tris-HCl pH 7.4 to a final concentration of 50 mM at 4 C for 5 min. After removing the Tris buffer, cells were detached, washed 3 times in 1x Tris buffered saline (TBS), and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, and 0.5% deoxycholate) containing protease inhibitor (Roche 11836170001). Cell lysates were incubated at 4 C for 30 min and subsequently centrifuged at 10,000xg at 4 C for 20 min to remove cellular debris. Cell-surface proteins were captured by incubating cleared lysates with NeutrAvidin Agarose Resin (Thermo Fisher Scientific 29200) overnight at 4 C. Resin was washed 5 to 6 times with RIPA buffer, and captured proteins, along with input controls, were resolved by SDS-PAGE and transferred to PVDF membranes (EMD Millipore IPFL00010) for immunoblotting. Immunoblots were incubated with primary antibodies (1:10,000 mouse anti-HA and rabbit anti-6xMyc; 1:2000 rabbit anti-Reck) diluted in Odyssey Blocking Buffer (Li-Cor 927-40000) overnight at 4 C. Membranes were washed with 1x PBS-T (1x PBS + 0.1% Tween 20), and incubated with Li-Cor secondary antibodies (1:10,000) diluted in Odyssey Blocking Buffer for 1 hour at room temperature. Membranes were washed at least 3 times with 1x PBS-T and developed using the Odyssey Fc Imaging System (Li-Cor).
For whole tissue lysates, E13.5 embryos were harvested and homogenized using a plastic pestle in RIPA buffer supplemented with protease inhibitors. Tissue lysates were incubated at 4 C for 1 hour, cleared by centrifugation, and prepared for immunoblot analysis, as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS
For quantifying relative vascular density, 150-180 mm thick coronal sections of embryonic brain or cross sections of embryonic spinal cord were stained with GS Lectin, anti-PECAM, and anti-Glut1. Confocal images were scanned at 10-12 mm intervals along the Z-axis, of which 8-10 images were Z-stacked. The following areas of the Z-stacked images were analyzed: cortex (1000 x 600 mm), MGE (500 x 500 mm), LGE (300 x 300 mm), hindbrain (300 x 500 mm), and spinal cord (350 x 500 mm). All of the blood vessels within the designated volume were manually traced using a Wacom tablet and Adobe Illustrator software. The lengths of the traced vessels were quantified by calculating pixel coverage as a fraction of the total area using ImageJ. For quantifying GS Lectin+ macrophages, individual GS Lectin+ cells that did not co-localize with a vascular marker (i.e. anti-PECAM and anti-Glut1) were manually counted in each of the designated volumes. Quantification of the fraction of macrophages that immunostained positive for F4/80, Cd11b, and/or GS Lectin, was conducted as follows: non-ECs (cells that did not co-localize with anti-Glut1) were manually counted for each of the different markers and divided by the total number of non-ECs that immunostained positive for F4/80 and/or GS Lectin or Cd11b and/or GS Lectin.
For quantifying GFP+ nuclei in the Rosa26 Tcf/Lef-lsl-H2B-GFP Wnt reporter mouse, 150-180 mm thick coronal sections of embryonic brain or cross sections of embryonic spinal cord were stained with anti-GFP and anti-PECAM. Quantification followed the procedure outlined above, with the following areas cropped: cortex (1000 x 600 mm) and spinal cord (150 x 150 mm). GFP+ nuclei that co-localized with PECAM+ cells were manually counted in each of the designated volumes. Relative vascular density within that volume was also measured (as described above). To calculate the number of GFP+ EC nuclei normalized to vascular density, the absolute number of GFP+ EC nuclei was divided by the length of the vasculature within the designated volume.
For quantifying the fraction of vessels that immunostained positive for Claudin-5 or PLVAP, vessels in the designated volume of 1000 x 1000 x 100 mm were manually traced and pixel coverage of the traced image was determined as a fraction of the total designated volume (as described above) for each marker. The vascular density for Claudin-5+ and PLVAP+ vessels was then divided by the total vascular density in the designated volume.
GraphPad Prism 7 software was used to generate plots and to perform statistical analysis. The mean ± standard deviations are shown. Statistical significance was determined by the unpaired t-test, and is represented by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
The analysis of alignment and conservation of Reck CC1 across vertebrates was generated using Clustal Omega (McWilliam et al., 2013) .
